The recent discovery of extreme magnetoresistance in LaSb introduced lanthanum monopnictides as a new platform to study topological semimetals (TSMs). In this work we report the discovery of extreme magnetoresistance in LaBi confirming lanthanum monopnictides as a promising family of TSMs. These binary compounds with the simple rock-salt structure are ideal model systems to search for the origin of extreme magnetoresistance. Through a comparative study of magnetotransport effects in LaBi and LaSb, we construct a triangular temperature-field phase diagram that illustrates how a magnetic field tunes the electronic behavior in these materials. We show that the triangular phase diagram can be generalized to other topological semimetals with different crystal structures and different chemical compositions. By comparing our experimental results to band structure calculations, we suggest that extreme magnetoresistance in LaBi and LaSb originates from a particular orbital texture on their qasi-2D Fermi surfaces. The orbital texture, driven by spin-orbit coupling, is likely to be a generic feature of various topological semimetals.
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I. INTRODUCTION
Materials with large magnetoresistance (MR) have applications in electronics as magnetic memories [1, 2] , in spintronics as magnetic valves [3] , and in industry as magnetic sensors or magnetic switches [4, 5] . The magnitude of MR is determined by the ratio R(H)/R(0) where R is the electrical resistance and H is the magnetic field. This ratio is large either when the numerator R(H) is large or when the denominator R(0) is small. A large numerator is responsible for the well-known Giant and Collosal Magnetoreistance (GMR and CMR) in magnetic semiconductors [2, 6] . A small denominator is reponsible for the recently-found extreme magnetoresistance (XMR) in Dirac semimetals (DSMs) such as Na 3 Bi or Cd 3 As 2 [7, 8] , in Weyl semimetals (WSMs) such as NbP, NbAs, or TaAs [9] [10] [11] , and in layered semimetals (LSMs) such as WTe 2 , NbSb 2 , or PtSn 4 [12] [13] [14] [15] [16] . DSMs are characterized by strictly linear band crossing at the Dirac point. [17] . WSMs are characterized by noncentrosymmetric structures, Fermi arcs, and chiral anomaly [7, 18, 19] . LSMs are characterized by nearly perfect compensation between electron and hole bands [12, 15, 20] . The recent discovery of XMR in LaSb that lacks strictly linear band crossing, non-centrosymmetric structure, chiral anomaly, and perfect compensation shows that none of these factors control XMR. This work presents a systematic study to understand the origin of XMR.
We report the discovery of XMR in LaBi with similar crystal structure and chemical composition to LaSb. A recent theoretical work has pointed out that the simple NaCl-type structure of lanthanum monopnictides ( Fig.  1 ) makes them ideal model systems to study the properties of topological semimetals [21] . Through a comparative study of longitudinal and transverse magnetotransport effects in the two related materials, LaSb and LaBi, we construct a triangular T -H phase diagram for XMR in lanthanum monopnictides. From band structure calculations, quantum oscillations, and Hall Effect measurements, we suggest that XMR is rooted in a d-p orbital mixing on the quasi-2D electron pockets that dominate the low temperature electrical transport in lanthanum monopnictides. Further, we show that similar quasi-2D Fermi surfaces with mixed orbital content exist in other TSMs and so does the triangular T -H phase diagram. These results provide compelling evidence for XMR being rooted in quasi-2D Fermi surfaces with mixed d-p orbital texture.
II. METHODS
Single crystals of LaBi were grown using Indium flux. The starting elements La:Bi:In = 1:1:20 with purity arXiv:1602.01525v2 [cond-mat.mtrl-sci] 22 Jan 2017 99.999% were placed in an alumina crucible inside an evacuated quartz tube. The mixture was heated to 1000 C, slowly cooled to 700 C, and finally decanted in a centrifuge. Similar procedure was used to grow single crystals of LaSb from tin flux [22] . Energy dispersive x-ray spectroscopy (EDX) on each sample confirmed a 1:1 ratio of lanthanum to pnictogen with ±1% error. X-ray diffraction (XRD) patterns of both materials are presented in Appendix A.
Measurements were performed on two samples: one single crystal of LaSb with residual resistivity ρ 0 = 0.6 µΩ cm and residual resistivity ratio RRR = ρ(300K)/ρ 0 = 170 and one single crystal of LaBi with ρ 0 = 0.1 µΩ cm and RRR = 610. The resistivity measurements were performed in a Quantum Design PPMS using a standard four probe method. Hall voltages were measured with transverse contacts in negative and positive fields with the data antisymmetrized to calculate the transverse resistivity ρ xy and the Hall coefficient R H = ρ xy /H.
III. RESULTS
A. Temperature dependence of resistivity Fig. 2 (a) and 2(b) show the temperature dependence of resistivity in LaSb and LaBi. In both systems, with decreasing temperature, resistivity decreases initially until a minimum at T m , then increases until an inflection at T i where it gradually saturates to a plateau. Fig.  2 (c) is a plot of ∂ρ/∂T versus T for LaBi which marks T m as the sign change temperature and T i as the peak temperature. With increasing field, T m increases but T i remains unchanged. Fig. 2(d) is an Arrhenius plot of log(ρ) versus T −1 for LaBi. It shows that between T m and T i the material behaves like semiconductors with ρ(T ) ∝ exp(E a /k B T ) where E a is an activation energy and k B is the Boltzmann constant. The activation energy at each field corresponds to the slope of the linear fits in Fig. 2(d) The LaSb versions of Figs. 2(c) and 2(d) are presented in Ref. [22] .
Inset of Fig. 2(b) shows that the resistivity activation in LaBi is absent at zero field; it is switched on with a small magnetic field H onset = 0.4 ± 0.1 T similar to LaSb [22] . Both materials have potential application as low temperature magnetic switches. Below T m , ρ(T ) in LaSb and LaBi is analogous to ρ(T ) in topological insulators (TIs) such as Bi 2 Te 2 Se and SmB 6 . In TIs the resistivity activation comes from an insulating bulk, and the plateau from conducting surface states [23] [24] [25] [26] . In LaSb and LaBi, a similar activation and plateau appear only when time reversal symmetry is broken by a small magnetic field. In section III D, we show that the conduction in the plateau region of these materials is dominated by quasi-2D bulk states in analogy to the strictly 2D surface states of TIs. 
B. Phase Diagram
By plotting T m and T i as a function of magnetic field, we construct the temperature-field phase diagram of LaSb and LaBi in Fig. 3 (a) and 3(b). In both systems, T m increases with increasing field while T i stays unchanged. The shaded triangle between T m and T i marks the region of activated resistivity. Fig. 3 (c) and 3(d) show that the activation energy E a starts from zero at H onset and increases with a non-monotonic field dependence. E a at each field is extracted from the Arrhenius analysis explained in section III A and Fig. 2(d) . Notably E a is comparable in both systems and scales only with the magnetic field showing that the resistivity activation is controlled entirely by the magnetic field.
The triangular phase diagrams in Figs. 3(a) and 3(b) highlight three distinct resistivity behaviors in Figs. 2(a) and 2(b). The shaded triangle is the region of activated resistivity with semiconducting behavior. In the silver region above the triangle (T > T m ) the semiconducting behavior is replaced with the metallic conduction. In the gold region below the triangle (T < T m ) the semi- conduting behavior is replaced with the plateau. T m and T i merge at H onset and diverge as the field is increased. In section IV we show that a similar phase diagram can be constructed from the existing data in several transitionmetal-based TSMs.
C. Field dependence of resistivity and extreme magnetoresistance
Figs. 4(a) and 4(b) show magnetoresistance, MR = 100
, as a function of magnetic field from H = 0 to 9 T at several temperatures. The black and the yellow curves at T = 2 K and 5 K superimpose since both curves are in the plateau region where MR reaches its extreme limit in excess of 10 5 %. Comparing Figs. 4(a,b) with the phase diagram Figs.  3(a,b) shows that MR is small in the bulk metallic phase at T > T m , it starts to increase in the semiconducting phase at T m > T > T i , and reaches the extreme limit in the plateau region at T < T i . Ref. [22] shows that the magnitude of XMR is sensitive to the residual resistivity ratio RRR i.e. to the sample quality. We quote RRR val- ues for the LaSb and the LaBi samples in Fig. 4 (a) and 4(b) to prevent the illusion that XMR in LaSb is smaller than LaBi. Fig. 4(c) is a plot of MR as a function of RRR for several LaSb and LaBi specimens with different RRR values. Empty symbols mark the two samples presented in this work. MR in both materials follows the same quadratic dependence on RRR showing a comparable XMR in both compounds given comparable sample quality. A similar quadratic dependence of XMR on RRR is reported in the flux-grown WTe 2 samples [13] .
The ripples at higher fields in Figs. 4(a) and 4(b) are Shubnikov-de Haas (SdH) oscillations. The purely oscillatory part of resistivity ∆ρ(H) is obtained by subtracting a smooth H 2 background from ρ(H). ∆ρ is periodic in H −1 as seen in the inset of Fig. 4(d) . Fast Fourier Transform (FFT) of these data gives a peak at F 0 = 271 ± 5 T in Fig. 4(d) for LaBi. Similar analysis gives F 0 = 212 ± 5 T for LaSb [22] . The principal frequencies for LaSb and LaBi do not match the known frequencies of tin and indium ruling out flux inclusion [27, 28] . 
where n is an integer, θ is the angle, and F 0 is the principal frequency at θ = 0. These data show that the main frequencies at F 0 = 212 T in LaSb and F 0 = 271 T in LaBi belong to quasi-2D Fermi surfaces. Fig. 5(c) shows a good agreement between our data and prior studies of magnetic oscillations (gray symbols) [29] [30] [31] [32] . Similar angle dependence of quantum oscillations in topological insulators has been taken as evidence for strictly 2D surface states of TIs [23, 33, 34] . SdH frequencies of LaSb and LaBi shown in Fig. 5 come from quasi-2D bulk states and not from strictly 2D surface states (section III E). As pointed out in Ref. [22] , the combination of 2D or quasi-2D Fermiology and band inversion gives rise to analogous transport phenomenology in TIs and TSMs.
E. Band structure and the orbital texture of the quasi-2D Fermi surface
Figs. 6(a) and 6(b) show the results of our band structure calculations on LaSb and LaBi using the WIEN2k code [35] . In both systems, two hole bands at the Γ-point and one electron band near the X-point cross E F . Figs. 6(c) and 6(d) visualize the corresponding Fermi surfaces with the two hole surfaces at the center of the Brillouin zone and the quasi-2D electron pockets crossing the faces. Prior studies of quantum oscillations in the magnetic and acoustic channels have detected these hole and electron Fermi surfaces in both materials [29] [30] [31] [32] . The principal SdH frequencies that we observe in LaSb (F 0 = 212 T) and LaBi (F 0 = 271 T) match the cross-sectional area of the quasi-2D surface at the X-point. Therefore, electrical transport in the plateau region of these materials is dominated by the quasi-2D electron pocket.
We plot Antimony p-states as thick bands and lanthanum d-states as thin bands in Figs. 6(a) and 6(b). These states cross near the X-point and form the quasi-2D electron pocket with a mixed d-p orbital texture. The inset in both Figures show a small gap at the crossing point driven by strong spin-orbit coupling similar to topological insulators. Therefore, the quasi-2D pocket that dominates the low temperature transport could acquire topological protection against scattering similar to the surface states of TIs. A magnetic field could interfere with the d-p orbital mixing and activate strong scattering on these pockets giving rise to XMR. Recent observations of circular dichroism by ARPES confirms the same orbital mixing in WTe 2 [36] . In Appendix B we show that the band structure of WTe 2 and several other topological semimetals have the same orbital texture as lanthanum monopnictides (Fig. 11) . In section IV, we show that these other TSMs also have the same triangular phase diagram as lanthanum monopictides. These observations strongly suggest that XMR in various TSMs is a result of orbital texture on quasi-2D Fermi surfaces.
F. Effective mass and Dingle temperature
Using the Onsager relation, we extract the Fermi wave vector and the density of carriers on the quasi-2D electron pocket from the frequency of SdH oscillations:
where φ 0 , A ext , k F , and n 2D are the quantum of flux, the extremal orbit area, the Fermi wave vector, and the two dimensional carrier density for spin filtered electrons. Fig. 4(d) shows F = 271 T in LaBi, therefore, k F = 9.1 × 10 6 cm −1 and n 2D = 6.6 × 10 12 cm −2 . Corresponding values for LaSb are given in Table I . The oscillation amplitude damps with increasing temperature and with decreasing magnetic field (Fig. 4(d) ) according to:
R L is the Lifshitz-Kosevich factor that captures damping with increasing temperature:
where α = 2π 2 k B m e /e is a constant made of Boltzmann factor k B , bare electron mass m e , electron charge e, and reduced Plank constant . m * is the effective electron mass in units of m e . R D is the Dingle factor that captures damping with decreasing field: where T D is the Dingle temperature from which the relaxation rate τ , the mean free path , and the mobility µ of charge carriers can be determined using: G. Hall effect and the two band model Fig. 8(a) shows temperature dependence of the Hall coefficient R H = ρ xy /H at H = 9 T in LaSb (red) and LaBi (blue). LaBi shows a clear two band behavior with positive R H above T 20 K and negative R H of comparable magnitude below T 20 K. LaSb shows a strong negative R H signal below T 40 K and a weak positive signal above T 40 K that undergoes a second sign change at T 170 K. Fig. 8(b) shows power law fits to the resistivity data at low temperatures from which we extract residual resistivity ρ 0 = 0.1 µΩ cm in LaBi and ρ 0 = 0.6 µΩ cm in LaSb. Using the T = 0 limit of R H from Fig. 8(a) and ρ 0 from Fig. 8(b) 
where n e/h and µ e/h are the electron/hole carrier density and mobility. Since the electron carriers at low temperatures come from the quasi-2D Fermi surfaces, we use the values in table I for µ e and use n e = n 2D /d to calculate the effective 3D electron density where d is the inter-layer spacing. The fit gives an estimate for the hole carrier concentration n h and mobility µ h which we summarize in table II. The concentration of the hole carriers in LaBi agrees with a rough estimate using the single band formula n H = 1/eR H = 3.1 × 10 21 cm −3 using R H = 2 mm 3 C −1 from Fig. 8(a) . This single band estimate in LaBi at high temperatures is justified by the linear field dependence of ρ xy at T = 200 K as seen in Fig. 8(c) . On the contrary, ρ xy in LaSb remains nonlinear at high temperatures as seen in Fig. 8(d) which explains the second sign change at T 170 K in Fig. 8(a) .
These results show that the details of electron-hole compensation is different between LaSb and LaBi, however, Fig. 4(c) suggests that XMR has comparable magnitude in both systems. Having electron-hole compensation is necessary for large MR as shown in Silver dichalchogenides [39, 40] but the detailed degree of compensation does not determine the magnitude of XMR in TSMs. Our hypothesis is that the orbital texture on the electron band plays the key role in determining the magnitude of XMR in topological semimetals. Comparing the mobility of hole pockets from Table II with electron pockets from  table I shows that µ h is an order of magnitude smaller than µ e proving that the quasi-2D electron pockets indeed dominate electrical transport at low temperatures where XMR appears. [12] . Aside from variations in the absolute values of Tm and Ti which depend on sample purity and XRM magnitude, these different topological semimetals share the same phase diagram.
IV. TRIANGULAR PHASE DIAGRAM IN TOPOLOGICAL SEMIMETALS
Our results in LaSb and LaBi can be summarized as below.
(1) ρ(T ) at zero field shows a nearly perfect metal with very small ρ 0 (Fig. 2) . (2) ρ(T ) in field shows a particular profile with a fieldinduced activation at T m and a plateau below T i (Fig.  2) . (3) The field dependence of T m and T i constructs a triangular phase diagram where T m and T i diverge with increasing field and converge with decreasing field (Fig.   3) . (4) The field-induced activation of resistivity results in extreme magnetoresistance (XMR) that correlates with RRR (Fig. 4) . (5) The angle dependence of SdH oscillations shows that quasi-2D Fermi surfaces dominate electrical transport at low temperatures (Fig. 5) . (6) From the band structure, these quasi-2D surfaces have a mixed d-p orbital texture due to spin-orbit coupling (Fig. 6) . XMR is possibly the consequence of disturbing such orbital texture by a magnetic field. (7) The temperature and the field dependence of Hall effect show multi-band characteristics. A better electronhole compensation is observed in LaBi compared to LaSb (Fig. 8) , however, XMR is comparable between the two compounds as shown in Fig. 4(c) .
These results suggest that XMR in LaSb and LaBi originate from the mixed orbital texture of their quasi-2D Fermi surfaces. In Appendix B we show that a similar orbital texture exists in the Fermiology of other topological semimetals with XMR including NbSb 2 , PtSn 4 , and WTe 2 (Fig. 11 ). The ρ(T ) and ρ(H) profiles of these seemingly different materials are quite similar with a resistivity minimum at T m and inflection at T i . From the existing transport data in NbSb 2 [15] , PtSn 4 [16] , and WTe 2 [12] , we extract T m and T i , construct their T -H phase diagrams, and compare to the triangular phase diagram of LaBi in Fig. 9 . Remarkably, the same triangular phase diagram is observed despite the chemical and structural differences of these materials. Figs. 9 and 11 provide compelling evidence to identify orbital mixing on quasi-2D Fermi surfaces as the origin of XMR in TSMs. Appendix B: DFT calculations on NbSb2, PtSn4, and WTe2
Fig . 11 shows the results of our density functional theory (DFT) calculations using WIEN2k code [35] on LaBi, NbSb 2 , PtSn 4 , and WTe 2 . Regions of mixed d-p orbital texture due to spin-orbit coupling are marked with blue circles. All these semimetals have quasi-2D Fermi surfaces similar to Fig. 6 (c) and 6(d) for LaSb and LaBi [12, 15, 16] . Extreme magnetoresistance in these materials has the same triangular phase diagram as in lanthanum monopnictides (Fig. 9 ). Similar phase diagram (Fig. 9 ) and similar band structure (Fig. 11 ) in these materials point towards a common origin for XMR in TSMs as discussed in section IV. 
